Although ischemic tolerance has been described in a variety of primary cell culture systems, no similar in vitro models have been reported with any cell line. A model of ischemic preconditioning in the rat pheochromocytoma PC12 cell line is described here. When compared to nonpreconditioned cells, preexposure of PC12 cells to 6 hours of oxygen and glucose deprivation (OGD) significantly increased cell viability after 15 hours of OGD 24 hours later. Flow cytometry analysis of cells labeled with specific markers for apoptosis, Annexin V, and Hoechst 33342, and of DNA content, revealed that apoptosis is involved in OGD-induced PC12 cell death and that preconditioning of the cells mainly counteracts the effect of apoptosis. Immunocytochemistry of caspase-3, a central executioner in the apoptotic process, further confirmed the activation of apoptotic pathways in OGD-induced PC12 cell death. This model may be useful to investigate the cellular mechanisms involved in neuronal transient tolerance following ischemia.
An initial sublethal stress that activates endogenous cytoprotective mechanisms can protect cells against a more severe subsequent insult and induce a transient state of tolerance. Currently, there is great interest in many laboratories in the study of tolerance. In the brain, preconditioning by sublethal temporary ischemia, ischemic tolerance, has been examined in various animal models of focal and global cerebral ischemia (reviewed in Dirnagl et al, 2003; Kirino 2002) . However, the mechanisms underlying ischemic tolerance are not fully elucidated. In vitro models have been used to improve our understanding of this phenomenon and to obtain information about molecular mechanisms involved in preconditioning and the development of tolerance. Ischemia, which can be mimicked in vitro by combined oxygen-glucose deprivation (OGD), and ischemic tolerance have been modeled in a variety of primary cell culture systems with this form of in vitro ischemia (Bruer et al, 1997; Ginis et al, 1999; Grabb and Choi, 1999; Khaspekov et al, 1998; Liu et al, 2000; Snider et al, 1998; Tremblay et al, 2000; Weih et al, 1999) . Development of an ischemic tolerance model in a cell line, however, would facilitate screening of molecular mechanisms to identify drug targets. A cell line model would also facilitate rapid screening of small molecules for drug discovery. In the past few years, the emergence of novel strategies for high-throughput screening of potential therapeutic candidates has accelerated the pace of drug discovery (Chanda and Caldwell, 2003; Davidov et al, 2003) . These technological advances combined with computational methods directed at analyzing large data sets are currently the most promising solutions to the critical need for faster detection of new drug targets in the pharmaceutical industry (Thiericke, 2003) .
The PC12 cell line derived from rat pheochromocytoma has been extensively used for cell signaling studies (Vaudry et al, 2002) . This cell line permits rapid screening of molecular mechanisms with minimal preparation time and the positive findings can then be validated in primary neuronal cultures. A PC12 culture system could also be adapted for cell-based high-throughput screening assays. However, ischemic preconditioning has not been demonstrated in PC12 cells previously.
We show here that a sublethal preconditioning episode of OGD renders PC12 cells resistant to a longer, lethal period of OGD. In addition, we use fluorescence-activated cell sorting (FACS) assay in conjunction with labeling of phosphatidyl-serine binding protein Annexin V and cell-permeant nuclear (condensed chromatin) dye Hoechst 33342 and analysis of DNA content, to show that PC12 cells undergo OGD-induced apoptotic death and that preconditioning mainly reduces apoptosis in this model. This work describes a new model for investigations directed at characterizing the molecular pathways involved in ischemic tolerance.
Materials and methods
Oxygen and Glucose Deprivation and Preconditioning of PC12 Cells PC12 cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were plated at a density of 3 Â 10 5 cells /well in 6-well multiwell Biocoat plates precoated with poly-D-lysine (BD Biosciences, Bedford, MA, USA) and grown for 24 hours in RPMI 1640 culture medium supplemented with 10% horse serum and 5% FBS (ATCC), 'complete medium,' at 371C in a normoxia plus 5% CO 2 atmosphere. For the induction of OGD, cells were washed twice in RPMI without glucose (Life Technologies, Carlsbad, CA, USA) switched to RPMI 1640 without glucose supplemented with 2% horse serum and 1% FBS (OGD medium) and placed in modular incubator chambers (Billups-Rothenberg, Del Mar, CA, USA). The chambers were flushed with a gas mixture of 95% N 2 /5% CO 2 for 30 mins at room temperature at 3 L/min. After flushing, the chambers were sealed and placed at 371C. Oxygen-glucose deprivation was carried out for 15 hours or for the indicated times (O 2 levels 2% to 3%). For preconditioning experiments, cells were grown for 24 hours in complete medium. They were washed twice in RPMI without glucose, switched to OGD medium and subjected to 6 hours of OGD with initial flushing as described above. Sister plates not subjected to OGD preconditioning (sham preconditioned) were washed twice with RPMI without glucose and maintained in RPMI 1640 (glucose present) supplemented with 2% horse serum and 1% FBS. Sham preconditioned and OGD preconditioned cells were maintained in glucose-containing medium and normoxia for 24 hours for development of cellular tolerance. Subsequently, these cells were exposed to severe OGD for 15 hours. In addition, 'nonischemic' controls were sham preconditioned and maintained in RPMI 1640 supplemented with 2% horse serum and 1% FBS, but were not exposed to OGD.
Assessment of Cell Survival and Cell Death
Immediately following OGD, cell survival and cell death were assessed by mitochondrial reduction of XTT and lactate dehydrogenase (LDH) release, respectively. The 2,3-bis[2-methoxy-4-nitro-5-sulphophenyl]-2H-tetrazolium-5-carboxyanilide inner salt (XTT) assay is based on reduction of XTT (yellow in phosphate-buffered saline (PBS)) by mitochondrial dehydrogenases of viable cells yielding an orange formazan product. We measured reduction of XTT by means of an XTT assay kit (Sigma-Aldrich, St. Louis, MO, USA). The cell culture medium was removed and 100 mL of 200 mg/mL of XTT solution in PBS was added to each well. Cells were incubated for 3 hours at 371C and absorbance was read at 450 nm to evaluate the amount of formazan product. Results were expressed as the percent of absorbance measured in normoxic controls. Lactate dehydrogenase activity released from cells is an indicator of loss of cell membrane integrity. Lactate dehydrogenase release from PC12 cells was assessed with the LDH assay kit (Sigma-Aldrich). Aliquots of culture medium were collected from sister wells for measurement of LDH leakage. For assessment of total LDH activity, cells were incubated with 100 mL of lysis solution/well for 30 mins at 371C and lysates were centrifuged to remove cellular debris. Absorbance was read at 490 nm and LDH release was expressed as a percentage of the total LDH (cellular plus medium LDH), which represents the proportion of death caused by OGD.
Staining of Apoptotic Cells and Flourescence-Activated Cell Sorting Analysis
Cells were collected using a papain dissociation system (Worthington Biochemical Corporation, Lakewood, NJ, USA) and 10 6 cells were labeled with Annexin V-FITC and propidium iodide (PI) (Apoptosis Detection Kit, Trevigen, Gaithersburg, MD, USA) or Hoechst 33342 and PI (Vybrant Apoptosis Assay Kit #5, Molecular Probes, Eugene, OR, USA), according to the manufacturer's specifications. In some experiments, the cells were triple-labeled with Annexin V-FITC, Hoechst 33342 and PI to better resolve the cells at early, middle, and late stages of apoptosis. The cells were analyzed using a duallaser FACSVantage SE flow cytometer (Becton Dickinson, Mountain View, CA, USA). Annexin V-FITC and PI signals were excited using a 488-nm laser light and their emissions captured using bandpass filters set at 530730 and 613720 nm, respectively. Hoechst 33342 was excited using a 351-nm UV laser light and its emission captured with a bandpass filter set at 450720 nm. Cell Quest Acquisition and Analysis software (Becton Dickinson) was used to acquire and quantify the fluorescence signal intensities and to graph the data as bivariate dot-density plots. In multiple labeling experiments, fluorescence emissions of individual fluorophores were corrected for spectral overlap using electronic compensation. For analysis of DNA content cells were fixed for 30 mins at 41C with 75% ethanol and stained with 5 mg/mL of PI (Trevigen). Assessment of DNA content was performed with a dual-laser FACSVantage SE flow cytometer (Becton Dickinson).
Caspase-3 Immunocytochemistry
PC12 cells were subjected to 15 hours OGD and fixed in 3% paraformaldehyde in cold PBS, pH 7.4 for 20 mins at 41C. The cells were then washed three times with PBS for 10 to 15 mins, permeabilized for 30 mins with 0.3% Triton in PBS and washed again with PBS. Next, cells were blocked in 5% normal donkey serum in PBS for 1 hour at room temperature and further washed with PBS. After incubation with anti-caspase-3 antibody (Cell Signaling, Beverly, MA, USA) diluted 1:100 in PBS overnight at 41C and three washes with PBS, the cells were incubated with peroxidase-conjugated donkey anti-rabbit IgG secondary antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA) diluted 1:2,000 in PBS for 2 hours at room temperature and washed again with PBS. The cells were blocked for endogenous peroxidase reaction by treatment with 0.6% H 2 O 2 in PBS for 30 mins at room temperature, washed with PBS and incubated with the ABC kit (VectaStain ABC Kit, Vector Laboratories, Burlingame, CA, USA) for 1 hour at room temperature. After washing with PBS, immunoreactivity was detected using 0.05% 3.3 0 -diaminobenzidine tetrahydrochloride (DAB) and 0.003% H 2 O 2 in PBS for 2 mins. Controls for nonspecific binding included blocking caspase-3 antibody reactivity with the blocking peptide.
Statistics
All values are given as mean7s.d. Repeated measures ANOVA, followed by Newman-Keuls post hoc tests (GraphPad Prism 4.0 software; San Diego, CA, USA) were used for the analysis of differences between differently treated cells. Caspase-3 activation experiments were analyzed with a Student's paired t-test (GraphPad Prism). exposure to OGD for 6 hours and after 15 hours. Cell shrinkage can be observed after 15 hours, but not 6 hours, of OGD. Preexposure of cells to 6 hours of OGD followed by 15 hours of OGD 1 day later decreased cell shrinkage. The time-course of PC12 cell survival after OGD was analyzed by reduction of XTT. As shown in Figure 2A no significant decrease in cell viability was observed after 6 hours of OGD. Exposure of the cells to 15 and 24 hours of OGD produced a significant decrease of cell viability to about 40% and 70%, respectively (Po0.01 in both cases; n ¼ 8 to 10). Preexposure of cells to 6 hours, but not 5 hours, of OGD significantly increased cell viability after 15 hours of OGD 1 day later ( Figure  2B ). Analysis of cell death by LDH release showed similar results. Six hours of OGD did not produce a significant increase in the number of dead cells as compared with controls and significantly decreased cell death induced by 15 hours of OGD 1 day later (Figure 3) .
Results

Ischemic Tolerance in PC12 Cells
OGD-Induced Apoptosis in PC12 Cells
One of the earliest changes in apoptosis occurs at the plasma membrane and leads to loss of asymmetry. An early and ubiquitous event in apoptosis is the flipping of phosphatidyl serine (PS) from the inner to the outer leaflet of the lipid bilayer allowing its detection by the Ca 2 þ -dependent phosphatidylbinding protein Annexin V, which can be coupled to biotin or fluorescein for visualization. Chromatin condensation and DNA fragmentation are other early apoptotic events. Nuclei of early apoptotic cells can be stained with nucleic acid dyes such as the fluorophore Hoechst 33342. Both Annexin V and Hoechst 33342 can be used in combination with PI, a cell-impermeant dye that stains cells with compromised membrane integrity. Propidium idodide is excluded from early apoptotic cells; increased membrane permeability that occurs at later stages of apoptosis or during necrosis allows PI to enter the cell. Mixed populations of viable, early apoptotic, late apoptotic, and necrotic cells can be accurately distinguished and quantified based on their different staining patterns (Hamel et al, 1996; Koopman et al, 1994; Rimon et al, 1997) . Fluorescence-activated cell sorting analysis of Annexin V, Hoechst 33342, and PI-stained cells demonstrated that apoptosis is the main process involved in OGD-induced cell death in PC12 cells. After 6 hours of OGD, most cells (B95%) were viable with the remaining being either early apoptotic (B2%) or necrotic (B3%). After 15 hours of OGD, a pattern of increased Annexin V-positive, PI-negative apoptotic cells emerged together with several patterns of Hoechst 33342 staining in combination with low levels of PI staining. Necrotic cells were highly stained with PI (Figures 4 and 5) . Quantitative analysis showed that 15 hours of OGD produced a 10-fold increase in the number of apoptotic cells compared to controls. Necrotic cells also increased significantly after 15 hours of OGD, but less so (B2 to 3-fold) ( Figure 5 ). Furthermore, preexposure of PC12 cells to 6 hours of OGD, attenuated cell death induced by 15 hours of OGD 1 day later (as previously demonstrated with Figure 4 Fluorescence-activated cell sorter (FACS) analysis of ischemic preconditioned PC12 cells. PC12 cells were exposed or not exposed to 6 hours of oxygen-glucose deprivation (OGD), reoxygenated for 24 hours and subjected to 15 hours of OGD. Immediately thereafter, cells were harvested and an aliquot of 10 6 cells/sample was simultaneously stained for FITC-Annexin V and PI. An aliquot of 20,000 cells was analyzed by FACS and the results were displayed as a bivariate distribution of Annexin V and PI fluorescence intensity. Hoechst 33342 stains all nuclei and PI stains nuclei of cells with a disrupted plasma membrane. Cells in R 1 , with intact nuclei stained for Hoechst 33342, but unstained for PI are defined as viable cells. Cells in R 2 represent early apoptosis where chromatin becomes condensed and stains more intensely with Hoechst 33342. Cells in R 3 with fragmented nuclei and a low level of PI staining are defined as middle/late apoptotic cells. Cells in R 4 with fragmented nuclei that have lost membrane integrity and are therefore highly stained with PI represent the very late apoptosis population. Cells in R5 with loss of membrane integrity and high-level PI staining, but no DNA fragmentation represent necrotic cells. The percentage of cells in each fraction is shown at the bottom.
XTT and LDH analysis) by significantly decreasing the number of apoptotic, but not necrotic, cells ( Figure 6 ).
Because of extensive DNA cleavage occurring during apoptosis, cells at a later stage of apoptosis can be identified on the basis of their total DNA content (Darzynkiewicz et al, 1992) . Previously fixed cells are stained with a fluorescent dye that binds DNA quantitatively and are analyzed for their DNA content by flow cytometry. Individual cells in a population can be classified based on their total DNA content using fluorescence intensity. Typically, cells at a late stage of apoptosis will exhibit a 'sub G 1 ' peak (fraction M1 in Figure 7 ). FACS analysis of DNA distributions in PC12 cells labeled with PI showed a negligible 'sub G 1 ' fraction in control cells or in cells subjected to 6 hours of OGD (means7s.d., 5.370.6 and 4.270.3, respectively; n ¼ 3). After 15 hours of OGD there was a 5-fold increase in the mean7s.d. of the 'sub G 1 ' fraction (28.2710.5; ANOVA: Po0.05). The effect of 15 hours of OGD was reduced to 3-fold, when cells were preexposed to 6 hours of OGD (mean7s.d., 17.476.9) (Figure 7) .
Oxygen-glucose deprivation-induced activation of apoptotic pathways in PC12 cells was further confirmed by analysis of caspase-3 activation. Cultures were stained with antibodies directed against cleaved caspase-3. There was a 4-fold to 5-fold increase in the mean7s.d. of positive cells per well when exposed to 15 hours of OGD versus controls (14897417 versus 349790; n ¼ 3; Po0.05).
No increase in caspase-3 activation was observed after 6 hours of OGD (data not shown).
Discussion
Tolerance to ischemia and hypoxia can be modeled in vitro and has been described in cultured primary cells including cortical neurons (Bruer et al, 1997; Gonzalez-Zulueta et al, 2000; Grabb and Choi, 1999; Liu et al, 2000; Meloni et al, 2002; Sakaki et al, 1995; Snider et al, 1998; Tauskela et al, 1999; Tremblay et al, 2000; Weih et al, 1999) , hippocampal neurons (Khaspekov et al, 1998) , cerebellar granule neurons (Prass et al, 2002; Ruscher et al, 2002; Wick et al, 2002) , astrocytes and brain capillary endothelial cells (Ginis et al, 1999) . However, no ischemic tolerance model has yet been developed in any cell line. The present study demonstrates ischemic preconditioning in a PC12 cell line. PC12 cells can differentiate and exhibit features of sympathetic neurons under the influence of nerve growth factor (Greene and Tischler, 1976) . Since they were established as a cell line more than 25 years ago, PC12 cells have been the object of intense investigation in neurobiology for the study of signal transduction mechanisms that regulate physiological and pathological functions of neurons (Tischler, 2002) . For example, studies of cell differentiation and survival (Agell et al, 2002; Anneren et al, 2003; Miller and Kaplan, 2001; Szeberenyi, 1996; Vaudry et al, 2002) , apoptosis (Macdonald et al, 2003; Valavanis et al, 2001) , Ca 2 þ signaling (Ghosh et al, 1994) , Parkinson's disease (Elkon et al, 2001; Ryu et al, 2002) , Alzheimer's disease (Ge and Lahiri, 2002; Leutz et al, 2002) and Huntington's disease (Peters et al, 2002; Sipione and Cattaneo, 2001) have been conducted in PC12 cell model systems. In addition, the ability of PC12 cells to respond to hypoxia (Seta et al, 2002) satisfies an important requirement for an in vitro ischemia model.
We observed no significant PC12 death for up to 6 hours of OGD exposure. This interval corresponds to the maximal nonlethal stress that can be tolerated by PC12 cells since cellular death increased with longer OGD exposures (data not shown). This period of OGD was thus used as a reproducible level of stress for ischemic preconditioning. Fifteen hours of OGD constituted a suitable lethal ischemic stress for study of PC12 cell cytoprotection in that it induced apoptosis and necrosis in about 40% of the cells. Six hours of preconditioning OGD in PC12 cells followed by 24 hours of normoxia ('reperfusion') was found to confer significant cytoprotection from a subsequent 15 hours of OGD. We also observed PC12 cell protection with a 48-hours-reperfusion interval that was similar to that observed after a 24-hours interval (data not shown). Cell death was quantified by LDH release, mitochondrial reduction of XTT, and FACS analysis. These assays gave comparable results. In addition, FACS permitted the relative role of apoptosis and necrosis to be assessed. Our data obtained by FACS analysis of an early-stage marker (Annexin V) combined with an early-to middlestage marker (Hoechst 33342) of apoptosis and a selective marker for necrosis (PI), showed that apoptosis occurs during OGD and is responsible for most of the observed cell death and that protection afforded by preconditioning prevents, or at least delays, apoptotic cell death. This was further demonstrated with the analysis of total DNA content, which revealed cells with 'sub-G 1 ' peak undergoing DNA fragmentation characteristic of apoptotic cells. Immunocytochemistry of caspase-3, a central executioner in the apoptotic process, showed that this enzyme increased approximately four-to five-fold, thus confirming activation of apoptotic pathways in OGD-induced PC12 cell death.
In conclusion, we describe here ischemic tolerance in the PC12 cell line. The model provides a new tool for the identification of pathways involved in ischemic tolerance. Ischemic tolerance can be one example of a more broad, general-stress response of the cell. Therefore, the present model could be applied to the study of the mechanisms involved in tolerance to other stressful stimuli. Cell-based assays with high-throughput capacity can be used as direct screens and models to explore molecular mechanisms involved in cellular function and pathology. In neurobiology, the most predictive cell system is likely to be cultured neurons. However, primary neurons are laborious and time-consuming to grow. Additionally, the scarcity of material makes primary cells difficult to use for FACS analysis and for classical biochemical assays. In addition, primary cultures are impractical for high-throughput screens that require a large number of cells. In contrast, cell lines are suitable for genomic and proteomic approaches and represent an attractive model system in the early stages of the discovery process. Furthermore, immortalized cell lines such as PC12 cells are suitable for high-throughput cellular screen technology for identifying molecular targets and for chemical genetics, a new productive strategy in drug discovery that uses small molecules to disrupt a signal transduction cascade (Croston, 2002; Stockwell, 2002; Zheng and Chan, 2002) . Figure 7 DNA content histograms of PC12 cells. Cells were harvested and fixed in 70% ethanol, followed by staining with 5 mg/mL PI to reveal total DNA content. Data represent 10,000 cell histograms and distribute in the following fractions: the cells in M1 are hypodiploid ('sub G 1 ' fraction), typically late apoptotic cells. The M2 fraction represents the diploid cell population including cells in G 0 /G 1 phase, early apoptotic and necrotic cells. The M3 fraction represents cells replicating their DNA (cells in S-phase) and the M4 fraction represents tetraploid cells (G 2 /M phase). (A) Control cells; (B) cells after 6 hours of OGD; (C) cells subjected to 15 hours of OGD; and (D) preconditioned cells (6 hours of OGD followed 24 hours later by 15 hours of OGD).
